Although thin films formed from beams of nanoparticles or clusters have been discussed since the early 1970s, the question of the usefulness of this method has remained open as few films of any significant thickness have been formed to date. Early attempts did not condense, could only condense a few ''high vapor pressure'' solids, or were so low rate as to make growth too slow to be of use. A new deposition system has been designed and built here at Florida International University along the lines of those of Averback and Haberland, and they appear to have the most promise. The new system was specifically designed for high rate with a high throughput intermediate pressure pump and 2 kW capable dc sputter source. Optically transparent films have been deposited from a copper source but are not yet fully understood. Films were deposited onto single crystal silicon substrates and show a small beam divergence of less than 1°total. The beam is highly nonuniform with maximum intensity on axis, which drops rapidly to zero within less than 10 mm off axis. Deposits have been made using a 1 Torr argonϩhelium sputtering and condensation atmosphere followed by nozzle aperture extraction. Films are affected by the amount of He and by cooling of the sputter chamber walls.
I. INTRODUCTION
In 1956, Becker announced the first free jet cluster beams of room temperature gases ͑including Ar and He͒, formed by expansion through cooled nozzles into a vacuum environment. 1 In 1972, Takagi suggested that clusters of room temperature solids could be formed similarly by high temperature vaporization and expansion into a high vacuum region through a nozzle. 2 The ionized cluster beam ͑ICB͒ thin film deposition method developed from these ideas.
In the early years, it was not known what conditions would result in cluster formation in ICB and a large number of papers were published using this term. It is now generally accepted that large clusters played no significant role in much of that early work. It has subsequently become a source of potential confusion and the term ICB still frequently is used due to instrument design rather than the actual use of clusters. So for clarity the term ''nanoparticle'' will be used here to clearly distinguish the work reported here.
Preliminary development of deposition of practical films from beams of nanoparticles has been carried out using different approaches, several of which are described briefly here. One uses heating of high vapor pressure materials to produce a high pressure gas ͑atmosphere or more͒ followed by a nozzle expansion in which adiabatic cooling is thought to result in nanoparticle condensation. 3, 4 Another approach has been a similar hot nozzle expansion with the addition of a carrier gas to assist condensation. 5 The method in this work is sputtering into cooled, flowing gas in a chamber which contains an exit aperture leading to a differentially pumped deposition chamber. 6, 7 II. EXPERIMENT Figure 1 shows a schematic diagram of the main features of the differentially pumped deposition system. There are three vacuum regions at three successively lower pressures. The source region is to the right. Its housing consists of two concentric cylinders with end plates. The right end plate contains a gas feedthrough, vacuum gauge flange, and feedthrough for the sputter target. The sputter target is water cooled and can handle up to 2 kW of power. In the experiments described here, a 6.35 mm thick, high-purity Cu target ͑99.999%͒ was used. The exit nozzle is attached to the left end plate. It is a converging-diverging nozzle, 3 mm in diameter at the throat. An adjustable mixture of ultrahigh purity He and Ar is admitted through the gas feedthrough using computer control of the flow controllers. For most experiments to date, the pressure in the source chamber was held at 1 Torr. The region between the concentric cylinders is filled with liquid nitrogen to cool the walls to assist in condensation. The temperatures of the top and bottom of the external ͑in-air͒ flange is monitored using two thermocouples and the computer data acquisition system.
The source region exhausts into the middle pressure region through the nozzle. The middle pressure region is pumped by a cryopump rated at 2700 l/s for Ar. The design pressure is 1ϫ10 Ϫ3 Torr and to date it has been operated slightly below this at about 5.5ϫ10 Ϫ4 Torr. In principle, large heavy species ͑nanoparticles͒ will go straight on and most of the lighter gas ͑Ar and He͒ will scatter to random directions and be pumped out by the cryopump.
An aperture between the middle and low pressure regions allows passage of any nanoparticles and a small amount of Ar and He. This region is the deposition chamber and is presently maintained in the low 10 Ϫ4 to middle 10 Ϫ5 Torr range, slightly higher than the design goal of the low a͒ Electronic mail: urban@fiu.edu 10 Ϫ6 Torr range due to using an overly large ͑1 cm in diameter͒ aperture in these early experiments. Ultimately this aperture will be reduced in size to obtain lower pressure in the deposition region. The deposition chamber is pumped by a 2400 l/s diffusion pump which employs two separate cooled baffles. The deposition chamber is a bell jar and is physically attached to the medium pressure region with a bellows and gate valve apparatus to allow venting of the deposition chamber alone.
Beam ionization, deflection, and acceleration electrode assemblies are mounted within the deposition chamber. These apparatuses are more fully described elsewhere. 3 Basically they consist of an electrically heated filament surrounding a grid structure which surrounds the beam path. Application of an extraction voltage between the filament and grid results in a shower of electrons across the beam path which provides ionization of the beam if desired. Next, a pair of deflection plates is aligned with the beam in order to apply an electric field normal to the beam direction. The purpose is to deflect and roughly energy analyze the beam. Finally, the voltages can be applied to the ionizer or substrate in order to accelerate ionized species to the film growing surface.
In order to efficiently obtain measurements of the various pressures, sputter target conditions, deflection voltage, flange temperatures, etc., a fully automated data collection system was implemented and attached to the system which is fully described in another publication. 
III. RESULTS AND DISCUSSION
Depositions were carried out with a source pressure of 1 Torr and flow rates of 160 sccm of Ar and 4 sccm of He. The magnetron sputter target was held at 1 A which typically resulted in a target voltage of about 250 V. Less than ''maximum'' liquid nitrogen cooling was used and monitored by means of the temperature of the upper and lower points on the in-air source flange. Experiments were conducted over a range of lower source flange temperatures from Ϫ90 to Ϫ120°C. The deposition rate was around 6 nm/min.
By eye, the deposits appear as concentric rings of colors leading from an outer diameter on the substrate of 6-10 mm depending on the source conditions. Outside of this area the substrate appears pristine to the eye. The diameter of the nozzle throat is 3 mm and the distance to the substrate is 810 mm. Thus the beam is diverging less than 1°. The aperture collects essentially no deposit and is 100 mm from the nozzle flange and is 10 mm in diameter. The concentric ring pattern of the deposited films suggests a dome of transparent material in the film giving rise to the concentric interference colors, presumably due to the thickness variation. It is not known if the thicker center is due to a higher flux rate of equal size particles or to a flux of larger particles in the center that decrease with increasing distance from the center or due to both effects. The colors are grayish at the outer periphery and go through the visible spectrum from blue to red one or more times depending on the deposition conditions. For practical applications, film uniformity could be obtained by moving the substrate or scanning the depositing beam during deposition.
Representative samples have been analyzed for structure and composition. Figure 2 is a high resolution scanning electron microscope ͑SEM͒ image of a typical as-deposited film.
It reveals what appears to be a rough surface structure with lateral dimensions on the scale of approximately 50 nm. In many instances the edges of these structures appear bright as is characteristic of a free-standing edge. The regions are irregular in shape and in size and have additional much smaller light and dark spots too small to be resolved by the SEM instrument.
A low magnification transmission electron microscopy ͑TEM͒ image at approximately the same magnification as the immediately preceding SEM image is shown in Fig. 3 . The specimen was thinned and fractured to produce the TEM sample. The edge of the substrate is visible at the upper left as a straight line of nearly uniform ͑dark͒ density below the film. Another edge is visible at the lower right. Thus the generally left and lower peripheries in the image appear to be unsupported film while the middle region is film on substrate. Note that the peripheral, overhanging film consists of an apparently random pattern of darker and lighter regions which are clearly smaller than those observed in the SEM image. The more central area is darkened by the underlying silicon substrate but appears to have the same pattern as the overhanging material. The image thus reveals a rather open structure composed of nanometer sized regions loosely distributed over the substrate. It should be noted that definite indications of sample melting was observed as the magnification was increased and so perhaps some melting artifacts are also present in these lower magnification images as well. Figure 4 is a TEM image of the peripheral part of Fig. 3 , the overhanging film. It reveals a very open structure of rounded regions with diameters well below the length of the 20 nm marker in the image. The associated electron diffraction pattern shows broad rings and spots from the silicon substrate. The rings are broad as would be expected with small crystallites. Figure 5 is a dark field image taken of the same sample region shown as the bright field image in Fig. 4 . Figure 5 was obtained from a selected portion of the ring in the diffraction pattern. Thus the bright areas in Fig. 5 correspond to crystallites in the film which were oriented such that their diffraction spots fell in the selected section of the ring. Note that there are a large number of crystallites, on the order of 3-6 nm in approximate size, appearing as bright areas throughout the image. Closer inspection reveals a lamellar structure of several of these crystallites. The atomic details of this apparent substructure are not yet known. Further attempts at increasing magnification resulted in melting of the crystallites. This could be due to a film structure in which crystallites are ''coated'' with a thermally insulating phase made up of the contaminant atoms. Or this could be due to the very small crystallite size in which the melting point might be depressed due to the large fraction ͑nearly 50%͒ of atoms being on the particle surface.
Preliminary analysis using spectroscopic ellipsometry ͑SE͒ indicates an optically transparent film of approximately 120 nm in thickness toward the center with a surface roughness layer a total of 133 nm but which is largely void from 87 nm out. Figure 6 shows the optical properties of the film solid fraction. These properties are suggestive of an insulating phase. Specifically, the roughness layer is 73.5 nm at 20% void covered by 14.0 nm at 50% void and finally 45.6 nm at 80% void. Such roughness layers have been observed in other film systems such as SnO 2 :F deposited by chemical vapor deposition ͑CVD͒ onto glass. 9 This roughness layer is required in the analysis in part due to the nonuniformity of the film over the diameter of the incident light from the ellipsometer and so must be interpreted with caution until microfocused data become available.
The composition was investigated using Auger electron spectroscopy ͑AES͒, and Rutherford backscattering spectrometry ͑RBS͒ on two different samples. Results generally agree that the composition of the films is only about one half copper (ϳ47%) but there is a large contamination with carbon (ϳ30%), oxygen (ϳ15%), and nitrogen (ϳ8%). There are no significant solid carbon or carbon-containing structures within the source or deposition regions. The contamination may have occurred in the deposition system due to background gas, due to a very small leak, or outside the system due to exposure to room air. The open structure of small, presumably highly reactive particles could well account for it, since the surface area to volume ratio is high because nearly 1/2 of the atoms in a 3 nm diam nanoparticle are on the surface. Details of this effect are not yet clear.
Preliminary deflection experiments show an elongation of the deposited region both in the direction of the applied field and in that opposite to the applied field. This indicates the arriving species are charged and that both negative and positive charged species are present. Detailed study of deflected depositions is underway.
IV. CONCLUSIONS
Transparent, nanophase thin films have been deposited from a copper target. The composition of the films is approximately 50% copper from the sputter target, but also contains significant ''contamination'' of 30% carbon, 15% oxygen, and 8% nitrogen. The films are composed of crystallites, approximately 6 nm on a side. The crystallites are arranged in an apparently random, rather open structure. The depositing beam shows a beam divergence of less than 1°. This open structure and low divergence suggest that nanoparticles were formed in the source region and transported to the growing surface. Confirmation of nanoparticles in the beam is underway as is positive identification of the composition of the crystallites in the films.
